Abstract. Shape memory alloy was firstly used commercially as a hydraulic coupling in the Grumman F14A in 1971. It is today used among others to improve structural behaviours such as buckling of composite plates in the aerospace vehicles. In this paper, finite element model and its source code for thermal post-buckling of shape memory alloy laminated composite plates is presented. The shape memory alloy wires induced stress that improved the strain energy, stiffness and thus the buckling behaviour of the composite plates. The finite element formulation catered the combined properties of the composite and shape memory alloys, the addition of the recovery stress and the temperature dependent properties of the shape memory alloys and the composite matrix. This study showed that by embedding shape memory alloy within layers of composite plates, postbuckling behaviours of composite plates can be improved substantially.
Introduction
In the design of aerospace vehicles, fibre reinforced composite (FRC) has become an important material consideration due to its weight saving ability. However, the existence of environmental thermal loading has raised the issue of thermal buckling problem in the FRC structures. Optimization technique has been used to improve these buckling behaviours. Another approach is by improving the stiffness of these structures which can be done by embedding shape memory alloy (SMA) within the laminated FRC plates. The buckling behaviour is improved when the SMA through its shape memory effect behaviour induces stress that increases strain energy of the composite plates. Thermal buckling analysis of laminated composite plates has been done by solving eigen value problem [1] . Thermal post-buckling paths of laminated composite plates were traced by solving a sequence of linear eigen-value problems [2] while in the case of the unsymmetric laminates, Singha et al [3] solved the geometric nonlinear finite element formulation. It is known that SMA improvements on buckling behaviour can be obtained through active property tuning (APT) and active strain energy tuning (ASET) methods [4] . Kumar and Singh [5] used the layerwise theory of composite plates to study the effect of varying several parameters such as the side-thickness ratio and fibre orientation on the thermal buckling of the SMA composite plate. But this study was limited to predicting the improved critical loads. The effect of SMA on the postbuckling behaviour of laminated composites was studied by Park et al [6] . The effects of parameters such as the initial strain and the volume fraction of the SMA were studied. However these studies were limited to quassi-isotropic composites.
In this paper, the effects of SMA on the post-buckling behaviours were studied on antisymmetric and symmetric composite plates. A geometric non-linear finite element model of laminated composite and its source code were developed to trace the post-buckling paths. The finite element formulation considered the combined properties of the composite and shape memory alloys, the addition of the recovery stress and the temperature dependent properties of the shape memory alloys and the composite matrix. 
Simulation
The finite element formulation developed here was based on incremental strains. Strength of material approach was used in adding a stress term due to the recovery stress in the constitutive relationship. Strains. Using the Mindlin's first order shear deformation theory [7] while including the von Karman's strain terms, the incremental strain can be expressed as
where ∆ε x , Δ and Δ are the incremental normal strain in x and y directions and the in-plane shear strain respectively. Δ$, Δv and Δw are the incremental displacements in the x, y and z directions respectively. ' ( , Δ! and Δ! are the total initial deflection, incremental rotation in the xz-plane and the incremental rotation in the yz-plane respectively. Finite element implementation. Eight noded isoparametric quadrilateral elements were used in this study. 
where ∆7 is the incremental nodal displacement vectors. *+ , -and *+ . -are the linear membrane and shear stiffness matrices, respectively. *+ ∆1 -and *+ ∆2 -are the incremental temperature and recovery stress matrices respectively. *+ ( -and *+ ( -are the initial stiffness matrix and the initial stiffness matrix due to initial deflection respectively. *41-, *41 ( -and *42-are the first order nonlinear stiffness matrix, first order non-linear stiffness matrix due to initial deflection and the second order non-linear stiffness matrix respectively. 8 ∆1 and 8 ∆2 are the incremental temperature and recovery force vectors respectively. 8 (∆1 , 8 (∆2 and 8 ( ( are the vectors of forces due to the coupling of initial deflection and temperature increment, initial deflection and recovery stress increment and initial deflection and initial load respectively. Eq. 2 is a nonlinear equation that can be solved using the Newton Raphson's method. Dimensions and properties. Two types of lamination schemes were analysed in this study namely the anti-symmetric lamination, [α/-α] 4 and the symmetric lamination, [α/-α/α/-α] 2 where the angle of orientation α varies . Nitinol wires were embedded in the graphite direction within pairs of layers symmetrically to the neutral axis of the lamination. As such the SMA layers consisted of nitinol and matrix graphite-epoxy (N-GE) while other layers were merely matrix graphite-epoxy (GE) layers. The plate was 100 mm length and 100 mm width while the side to thickness ratio, The Young's modulus and the recovery stress of the SMA were taken from Cross et al [8] .
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Results and Discussion
Validation. A post-buckling analysis of laminated composite plate was conducted for the configuration of [45/-45] 2 . Fig. 1 shows that the results of the present analysis agree excellently to the results of Singh et al [2] . Post-buckling paths of SMA composites. Thermal post-buckling paths for the anti-symmetric and symmetric composite plates were traced for cases of plates without embedded SMA wires (WO SMA), plates with SMA but no recovery stress induced (APT) and plates with induced recovery stress (ASET). For each case, the angles of orientation for anti-symmetric and symmetric laminations were 30 0 and 45 0 respectively. SMA wires were embedded either in one (L2) and two (L4) pairs of layers. Figs. 2 (a-b) show the plots of the maximum transverse displacement over thickness of plates (z max /h) against temperature (T) for anti-symmetric and symmetric lamination respectively. The figures show that stable post-buckling paths were obtained when SMA wires were added to the composite plates. APT type of improvement shows almost no effect on the postbuckling paths while much greater improvement can be seen in the case of L4 where 4 layers of SMA were added to the composite plates.
(a) (b) Fig. 2 . The improvements of the post-buckling of (a) anti-symmetric and (b) symmetric composite plates. In the next study, the effect of the number of layers (n) on the post-buckling paths of anti-symmetric composites was studied. Fig. 3 (a) shows that as the number of layers was increased, the thermal post-buckling strength was reduced as the post-buckling paths were shifted to the left. This can be explained by the fact that as the number of layers was increased, the volume fraction of the SMA was decreased. In the next study to determine the effect of the location of the SMA layers within the thickness of the plate, SMA layers were changed from being the outer most layers (CONF 1) to the Advanced Materials Research Vols. 311-313 2237 2 nd and 7 th layers (CONF 2), 3 rd and 6 th layers 9 (CONF 3) and the two inner-most layers (CONF 4). Fig. 3 (b) shows that the location of the SMA layers has no effect on the post buckling paths. For all four configurations (only 2 shown here), the post-buckling paths correspond to APT and ASET types of improvement gave almost the same plots. 
Conclusions
A finite element model and its source code were developed to study the effect of the SMA on the thermal post-buckling of anti-symmetric and symmetric composite plates. The post-buckling paths correspond to the APT and ASET types of SMA improvements were generated. It was shown that the post-buckling paths remained stable with the addition of the SMA wires to the composite plates. The effect of ASET was shown to be much more significant as compared to the effect of APT. A much greater improvement can be seen in the post-buckling paths if the number of SMA layers was doubled to 4 layers. It was also shown that thermal post-buckling paths were shifted to the left as the number of layers was increased. Furthermore, the location of SMA layers has no effect on the post-buckling paths.
